Background. During the initial phase of an ischemic insult, left ventricular (LV) performance depends on the complex interaction between oxygen deprivation, vascular turgor, and accumulation of metabolites. In experimental preparations, low-flow ischemia decreases systolic shortening and increases diastolic LV distensibility, whereas pacing-induced ischemia or hypoxic perfusion produces smaller decreases in systolic shortening but decreases LV diastolic distensibility. The purpose of this study was to investigate the different effects of low-flow ischemia, pacing-induced ischemia, and hypoxemic perfusion on LV performance in humans.
fused guinea pig, rat, and rabbit hearts.1 In the bufferperfused guinea pig and rabbit heart,2,3 a switch from aerobic to hypoxic perfusate induced a rise in resting tension and a progressive decline in developed tension.
In the blood-perfused rabbit heart, a reduction in coronary perfusion pressure caused a rise in resting tension when pacing tachycardia was superimposed on the reduction in coronary perfusion pressure.4 In the rat heart, a complete interruption of coronary flow produced a fall in resting tension and a faster loss in developed tension than during hypoxic perfusion. 5 To investigate in humans these disparate initial left ventricular effects of different types of ischemia, the present study compared, in the same patients, left FIG 1. Tracings of (from left to right) two surface leads (I and II) and one precordial lead (V5) ECG, the left ventricular dPldt signal, and the left ventricular tip-micromanometer pressure recording at rest, at cessation ofpacing duringpacing-induced angina, at the end ofa regular balloon coronary occlusion, and at the end ofan equally long balloon coronary occlusion with distal hypoxic perfusion ( Tables 1 and 2 , patient 10). Left ventricular diastolic pressures were higher during pacing angina and at the end of balloon coronary occlusion with distal hypoxic perfusion than at the end of the regular balloon coronary occlusion. ventricular performance during balloon coronary occlusion (low-flow ischemia), during pacing-induced angina (low-flow, high-demand ischemia), and/or during balloon coronary occlusion with maintained hypoxemic perfusion distal to the balloon occlusion (hypoxemia).
Methods Patients
Twenty patients (15 men, 5 women; mean age, 57 years; range, 42 to 72 years) were included in this study. All patients had exercise-induced angina and a clinically and electrocardiographically positive exercise stress test. There was no evidence of previous myocardial infarction on the ECG at rest or on the baseline left ventricular angiogram. Diagnostic left heart catheterization and coronary angiography revealed normal baseline global and regional left ventricular function and single-vessel coronary artery disease consisting of a significant proximal left anterior descending coronary artery (LAD) stenosis. Percent diameter and percent area of the proximal LAD stenosis, calculated by electronic caliper technique, were 67±8% and 88±5%, respectively. There were no visible collaterals to the distal LAD on contralateral coronary injection. Long- acting nitrates, P-blockers, and calcium entry blockers were withheld at least 24 hours before the procedure except in two patients who had experienced angina during mild exercise during the 48-hour period preceding hospital admission. Premedication consisted of 10 mg diazepam. The study protocol was approved by the ethical committee of the O.L.V. Ziekenhuis, Aalst (Belgium). All patients gave informed consent, and there was no complication related to procedure or study protocol.
Catheterization Protocol
In all patients, a 7F pigtail Sentron tip-micromanometer (Cordis Europe, Rooden, The Netherlands) was advanced from the left femoral artery to the left ventricle, and an 8F angioplasty guiding catheter was advanced from the right femoral artery. All pressures were referenced to atmospheric pressure at the level of the midchest. The tip-micromanometer catheter was calibrated externally against a mercury reference and matched against luminal pressure. A left ventricular dP/dt signal was derived from the high-fidelity left ventricular pressure signal with an electronic differentiator. The pressure signals, the left ventricular dP/dt signal, and three leads of the ECG were recorded on a Gould ES 1000 multichannel recorder (Fig 1) . In patients 1 second inflation was performed. At the end of this third angioplasty balloon inflation, a third left ventricular angiogram and simultaneous tip-micromanometer left ventricular pressure recordings were obtained. Patients 10 and 11 had experienced the most severe chest pain during the balloon occlusion with distal perfusion. To minimize discomfort for patients 12 through 20, the balloon occlusion with distal perfusion preceded the regular balloon occlusion during which left ventricular function was measured, and instead of having a preset 60-second duration of the balloon occlusion with distal perfusion, its duration was made variable and lasted until the occurrence of chest pain (after 51±12 seconds). The regular balloon occlusion, during which left ventricular function was measured, followed the balloon occlusion with distal perfusion and lasted equally long (51 12 seconds).
Data Analysis
Hemodynamic data. All hemodynamic data (Tables 1  and 2 ) were averaged throughout a complete respiratory cycle. The De Bruyne et al Ischemia and Hypoxemia in the Human Heart 465 through 11) and before balloon inflation with distal perfusion, at the end of the balloon inflation period with distal perfusion, and 10, 30, and 120 seconds after deflation of the balloon and cessation of the distal perfusion (Tables 1  and 2, patients LV VOLUME (ml) Fig 2 shows individual diastolic left ventricular pressure-volume relations at rest, during pacing-induced ischemia at cessation of pacing, and at the end of balloon coronary occlusion. In 9 of the 11 patients, the diastolic left ventricular pressure-volume relation during pacinginduced ischemia was shifted upward compared with both the diastolic left ventricular pressure-volume relations at rest and at the end of balloon coronary occlusion. In one patient (patient 10), both the diastolic left ventricular pressure-volume relation during pacing-induced ischemia and at the end of balloon coronary occlusion shifted upward compared with the diastolic left ventricular pressure-volume relation observed at rest. In one patient (patient 6), both the diastolic left ventricular pressure-volume relation during pacing-induced ischemia and at the end of balloon coronary occlusion fell on the relation observed at rest. Fig 3 shows individual diastolic left ventricular pressure-volume relations at rest, at the end of balloon coronary occlusion, and at the end of an equally long balloon coronary occlusion with distal perfusion. In seven of the nine patients, the diastolic left ventricular pressure-volume relation at the end of balloon coronary occlusion with distal perfusion was shifted upward compared with both the diastolic left ventricular pressure-volume relations observed at rest and at the end of the regular balloon coronary occlusion. In two patients (patients 14 and 17), the diastolic left ventricular pressure-volume relations at the end of balloon coronary occlusion and at the end of balloon coronary occlusion with distal perfusion showed a similar upward shift compared with the relation at rest. (Tables 1 and 2) before pacing, during the last 15 seconds of each pacing step, 10, 30, and 120 seconds after cessation ofpacing, before balloon coronary occlusion, during balloon coronary occlusion, 10, 30, and 120 seconds after release of the balloon, before balloon coronary occlusion with distal perfusion, during balloon coronary occlusion with distal perfusion, and 10, 30, and 120 seconds after release of the balloon and cessation of distal perfusion. During pacing-induced ischemia, the rise in coronary sinus lactate concentration started during thepacing episode and continued after cessation ofpacing. During balloon coronary occlusion (BCO) and balloon coronary occlusion with distal perfusion (BCO+PER), there was no rise in coronary sinus lactate concentration during the inflation period, and the rise in coronary sinus lactate concentration occurred after balloon deflation.
rise and low-flow ischemia an initial fall in left ventricular filling pressures, and hypoxia resulted in a slower decline of left ventricular developed pressure. Replacement of buffer by blood perfusion induced a rise of left ventricular filling pressures, when pacing tachycardia was superimposed on low-flow ischemia.4 During brief single-vessel coronary occlusion in anesthetized or conscious dogs,13-21 myocardial shortening of the affected segment was replaced by passive bulging, and the diastolic pressure-segment length relation showed a rightward shift.13,1,l18,2l In conscious dogs with a single-vessel coronary stenosis, exercise resulted in an upward shift of the early portion of the left ventricular diastolic pressure-volume relation,20 and in anesthetized pigs with single-vessel coronary stenosis,22 pacing resulted in an upward shift of the entire left ventricular diastolic pressure-segment length relation. In anesthetized dogs with two-vessel coronary stenoses,17-19 pacing resulted in subendocardial ischemia, a drop in left ventricular systolic performance, and an upward shift of the diastolic left ventricular pressure-volume relation. When pacing tachycardia in the presence of two-vessel coronary stenoses resulted in transmural myocardial ischemia,21 there was more profound impairment of left ventricular systolic performance with occasional bulging and unaltered diastolic left ventricular distensibility. In isovolumic dog hearts, global ischemia increased left ventricular diastolic distensibility" even in the presence of pacing tachycardia,2-but a hypoxic perfusate of methemoglobin-containing red blood cells25 decreased left ventricular diastolic distensibility.
Previous studies in humans on the initial effects of ischemia on left ventricular performance investigated a single type of ischemic insult such as pacing-induced ischemia,26-28 exercise-induced ischemia,29 spontaneous coronary spasm,30 and balloon coronary occlusion ischemia31-34 except for the study of Bronzwaer et al, 35 who compared left ventricular performance during both pacing-induced and balloon coronary occlusion ischemia in the same patient. The present study confirmed the findings of Bronzwaer et al and was the first to compare, in the same patient, left ventricular function at the end of a regular balloon coronary occlusion and at the end of an equally long balloon coronary occlusion during which saline was perfused through the distal lumen of the balloon catheter (hypoxemia). The present comparison of the left ventricular effects of balloon occlusion ischemia, pacinginduced ischemia, and hypoxemia revealed pacinginduced ischemia and hypoxemia to cause less depression of left ventricular systolic performance and a larger reduction of left ventricular diastolic distensibility than balloon occlusion ischemia. Pathophysiological mechanisms, which could contribute to the variable response of human myocardium subjected to different types of ischemia include (1) recently reappraised by the slower decline of left ventricular developed pressure in the microembolized heart without coronary depressurization than after interruption of coronary flow. 38 The slower loss of left ventricular systolic performance in the microembolized heart was attributed to persistent vascular turgor, which stretched cardiac sarcomeres by mechanical coupling of the vascular network and the myocardium. The better preservation of left ventricular stroke work during balloon coronary occlusion with distal perfusion, as observed in the present study, was consistent with a similar interaction between coronary vascular turgor and initial ischemic contractile failure. Recent insights on how cardiac muscle stretch affects cardiac muscle performance suggested an intrinsic molecular property of troponin-C to mediate the rising limb of the cardiac muscle length-active tension relation.39 Hence, vascular turgor could affect cardiac muscle performance by a mechanism similar to tissue metabolites, namely, modulation of myofilamentary calcium sensitivity. Moreover, the vascular network could also affect myofilamentary calcium sensitivity through release of substances from the coronary endothelium. [40] [41] In this respect, patients experienced more severe chest pain during the balloon inflation with distal perfusion. This could be consistent with a larger production of bradykinin, which is known to stimulate cardiac afferent nerve endings or nociceptors and to trigger a release of substances from endothelial cells. The increased severity of chest pain during the balloon inflation with distal perfusion could have resulted in increased cardiac sympathetic stimulation. The comparable heart rate at the end of both balloon inflations and the larger prolongation of the time constant of left ventricular pressure decay (To) during the balloon inflation with distal perfusion, however, argue against unequal sympathetic stimulation.
Coronary perfusion influences left ventricular diastolic distensibility by changing coronary vascular engorgement. An (Fig 4) , the peak of which was observed after release of the angioplasty balloon during the hyperemic phase. At 
